There have been many kinds of fermentation technology and products since ancient times. For example, fermented food items from soybean are common in the East Asian countries of China, Korea and Japan, while those from fish are common in Southeast Asian countries 5 . Despite the long history of fermentation technology, fermented food items produced from algae have yet to be developed (Fig. 1) . Many studies were conducted on methane fermentation of seaweeds during the 1970s and 1980s 1, 2, 6 . However, methane fermentation is a technology for supplying energy, not for foods and food production.
Introduction
There have been many kinds of fermentation technology and products since ancient times. For example, fermented food items from soybean are common in the East Asian countries of China, Korea and Japan, while those from fish are common in Southeast Asian countries 5 . Despite the long history of fermentation technology, fermented food items produced from algae have yet to be developed (Fig. 1) . Many studies were conducted on methane fermentation of seaweeds during the 1970s and 1980s 1, 2, 6 . However, methane fermentation is a technology for supplying energy, not for foods and food production.
Macroalgae (macrophytes) can be divided into four groups: brown algae (Phaeophyta), red algae (Rhodophyta), green algae (Chlorophyta), and seagrass (Magnoliophyta). Carbohydrates are the major component of seaweeds and seagrass (ca. 50-70% on a dry basis) 11, 29 , containing mostly polysaccharides to construct algal tissue. For example, brown algae contain alginate and fucoidan as major components. Red algae contain galactan (e.g. agar, carrageenan) as a major component. Green algae and seagrasses contain cellulose and hemicellulose as major components. These major algal polysaccharides are known to be unfavorable substrates for fermentation. This may be one of the reasons why algal fermentation technology has yet to be developed. However, it was recently reported that seaweed could be used as a substrate for lactic acid and ethanol fermentation, provided that the algal tissue was saccharified with cellulase enzymes. This finding opened the possibility of obtaining foods and related items from algal fermentation 17, 18, 19 . This manuscript reviews past studies on the lactic acid fermentation of algae 17, 22 . It also refers to other kinds of algal fermentation that are now being developed, such as ethanol fermentation 9, 27, 29 . With all these advances in algal fermentation, we suggest that there is a great possibility of creating a new industry based on algal fermentation technology in the near future 28 .
Methods of fermentation 1 . Beginning of the study on lactic acid fermentation of seaweeds A fermented material of Ulva spp. (Chlorophyta) was first obtained on 9 October 1998, after treating the fronds with enzymes containing cellulase activity and leaving the material for 17 months at 2˚C
19 . The fermented material obtained was then transferred with cellulase to a new Ulva culture at an interval of several tens of days, with the induction of fermentation being demonstrated repeatedly. Microbial analysis based on rRNA gene nucleotide sequences allotted the predominant microorganisms in the culture to Lactobacillus brevis (lactic acid bacteria, LAB), Debaryomyces hansenii var. hansenii (typical marine yeast), and Candida zeylanoides-related specimens (yeast) (Fig. 2) . Therefore, the primarily observed 'fermentation' was regarded as a mixture of lactic acid fermentation and ethanol fermentation. The inoculation of three kinds of separately cultured microorganisms induced fermentation on various kinds of seaweed. This is the first report on an intentional induction of fermentation (except for methane fermentation) of seaweed (Table 1) 19 . The addition of salt (5% w/v) besides the starter microorganisms (initial concentration, ca. 10 6-7 cfu/mL) and cellulase (0.1-1%) also promoted the predominance of LAB and yeast, and successfully induced fermentation 17, 18, 19 .
Microorganisms used for the lactic acid fermentation of seaweeds
In order to determine the suitable combinations of LAB and yeast strains for use as a starter culture for the lactic acid fermentation of seaweed, fermentation culture was prepared with different combinations of LAB strains (i.e. L. brevis FERM BP-7301, Lactobacillus acidophilus IAM10074, Lactobacillus plantarum IAM12477 T ) and yeast strains (i.e. the two isolates above, plus Saccharomyces cerevisiae) 21 . The inoculation of LAB with or without yeast strains yielded the successful induction of fermentation, while inoculation of the yeast strains alone yielded unsatisfactory results, along with some contaminant bac-
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Fig. 1. Category of fermented foods based on raw materials
Fermented foods prepared from aquatic plants (algae) have yet to be developed.
teria growth. It therefore follows that the inoculation of yeast is not necessary when intending to induce the lactic acid fermentation of seaweeds. The species-specific primer sets were developed to identify the LAB strains by using PCR techniques, prior to the examination of suitable LAB strains for use as a starter culture for seaweed fermentation 21 . Fourteen LAB strains including 11 species were tested under culture conditions prepared with or without salt (Fig. 3 ) 25 . A commercial product of Undaria pinnatifida (Phaeopyta) powder was . These strains were pre-cultured with MRS medium (Merck Co.), collected by centrifuge (8,000 g × 20 min.), washed with autoclaved 0.85% NaCl solution, re-suspended to make a concentration of O.D.660 nm = 1.0 (containing 7.3 × 107 -1.1 × 109 CFU/mL), and then used. To prepare culture without NaCl, autoclaved distilled water was used instead of 3.5% NaCl solution. Cultures without the inoculation of lactic acid bacteria were prepared as being without starter culture controls (No. 15). After incubating for 11 days at 20℃, the microbial composition was investigated. Ten colonies, each formed on the SMA plates prepared for viable counting, were chosen at random from the triplicated trials (Total n = 30), and then transferred to the BCP plates with the % proportion of yellow-colored colonies shown as average ± SE of lactic acid bacteria. L. brevis, (Trial Nos.1, 2), L. palntarum (2, 4) , L. casei, (5, 6) , and L. rhamnosus (7) showed marked ability to be dominant in the Undaria cultures 25 .
used as a substrate for fermentation without sterilizing it. The starter suitability of the LAB strains was assessed from their predominance after 11 days of culture at 20℃. The predominance was assessed by PCR using the developed species-specific primer sets 21 . Among the tested strains, L. brevis, L. plantarum, Lactobacillus casei, and Lactobacillus rhamnosus showed high (>90%) predominance in their cultures, while the control cultures prepared without the inoculation of LAB showed no detectable LAB growth and then spoiled 25 . In those spoiled cultures, Bacillus strains such as Bacillus cereus-related and B. fusiformis-related species were observed to dominate 25 . The Undaria powder prior to fermentation contained culturable microorganisms at 1.4-3.1 × 10 2 CFU/g, but the Bacillus cereus-related strain was not a major component, suggesting a concern about the selective growth of the Bacillus cereus-related strain during spoiled fermentation. This study did not test whether the Bacillus cereus-related strains isolated from seaweed possess a toxic gene.
Optimum conditions for the fermentation and production of algal single cell products
It was observed that cellulase activity can easily fragment algal frond tissue, and that large numbers of single cell detritus (SCD: algal detrital products originating from one cell unit) were produced in the case of U. pinnatifida (Fig. 4) 
20
. The optimum conditions for fermentation were studied from two perspectives: the production efficiency of 20 One kg of commercially available dried particles of U. pinnatifida (Wakamidori, particle size < 74 mm; Riken Co.) was dispensed into bottles containing 9 L of autoclaved 3.3% w/v NaCl solution and 10 g of cellulase (R-10; Yakult Honsha Co. Ltd.), and then mixed well. The culture was inoculated with a microbial mixture composed of SCD, and the dominance of lactic acid bacteria (LAB) 18 . As for salt concentration, contaminant bacteria will often grow and spoil cultures that are prepared without salt. However, as Lactobacillus group bacteria are not halotolerant, their growth is significantly restricted under a salt concentration exceeding 5%. The suitable salt concentration in the culture water used for SCD preparation was in the range of 2.5 to 3.5% (w/v). The culture will have high viscosity and easily forms an aggregation of algal particles. It is therefore difficult to prepare a homogeneous algal suspension at a salt concentration of less than 2.5%. Conversely, the total volume of the solid part of Undaria pinnatifida frond suspension cultures decreased to 100%, 98%, 90%, 71%, 60%, and 39% after being left for six days when the salt concentrations of the cultures were 0%, 1%, 2.5%, 3.5%, 5%, and 10%, respectively 18 . As for incubation temperature, a temperature range of 5-50℃ can be used for SCD production. The maximum production rate of SCD is achieved at 20℃, and remains almost constant in the range of 20-50℃ 18 . The final number of SCD products is almost the same in the range of 5-50℃, provided that incubation lasts more than two weeks.
As for incubation time, a period of six to14 days is sufficient to produce the maximum number of SCD products. 18 LAB will achieve growth above the 10 8 cfu/mL level within five days, and lactic acid production and pH value will become almost constant after six to 14 days.
As for cellulase concentration, the addition of more than 1% (w/v) was necessary to avoid rotting and obtain a fermented culture 18 . Commercial products of cellulase are expensive and saving the use thereof is important in terms of cost. The use of cellulase at 0.1% concentration was observed as being effective enough for the fermentation and production of SCD from U. pinnatifida fronds in a 10-Lscale culture 20 . Under the optimum conditions of a culture containing 5% U. pinnatifida (on a dry basis), 3.5% NaCl, and 0.5% cellulase with additional LAB starter, SCD was produced at a rate of 5.8 x 10 7 cells/mL after six days of incubation at 20℃ (Fig. 5) 18 .
Lactic acid fermentation of microalgae
Lactic acid fermentation was demonstrated on microalgae (i.e. Chrolella sp., Tetracelmis sp., Pavrova lutheri, Chaetoceros sp., Nannochloropsis sp.) as well as macroalgae (i.e. seaweeds) 29 . The pretreatment of microalgae (as well as seaweeds) with cellulase was effective in inducing fermentation. Lactic acid was produced in the range of 1.5-5.4 g/L in the case of microalgae, while 3.6 g/L was produced in the case of U. pinnatifida. For example, the use of macerozyme and lactase in addition to cellulase increased the production of lactic acid from 5.4 g/L to 9.6 g/L (Chrolella sp.), and from 1.5 g/L to 4.3 g/L (Tetracelmis sp.). However, microscopic observation showed quite limited cell wall decomposition in all cases. Suitable enzyme products must therefore be developed to obtain products with the cell wall eliminated or otherwise welldissolved products.
Housing units for conducting algal fermentation
For conducting algal fermentation, plastic tanks or buckets with lids can be used for culture. Plastic bags such as polypropylene bags are cheaper and more convenient for dispersing the aggregate of seaweed and preparing a homogeneous frond suspension. Two 200-L-scale algal fermentation tanks named the 'marine silos' were manufactured and set up along the waterside of Lake Hamana 18 Ten grams of dried particles of Undaria pinnatifida (Wakamidori, <74μm, Riken Co.) were dispensed into each 500-mL bottle containing 180 mL of autoclaved distilled water with different concentrations of cellulase (R-10, Yakult Honsha Co.), and then mixed well. The culture bottles were tightly capped and incubated at 20℃,with shaking done several times a day to improve dispersion. The number of detrital particles of Undaria was counted using a Coulter Multisizer (Coulter Electronics Ltd.) with a 140-μm orifice. The detrital particles in fractions of 5.8-11.5 μm in diameter were tentatively regarded as SCD products. The weight distribution was calculated from the distribution of detrital particles, based on the hypothesis that the detrital particles were of a spherical form with a specific gravity of 1.0. All cultures were prepared in duplicate and the average values of data are shown. demonstrated in treatment using Ulva sp. fronds collected from Lake Hamana.
Application of fermented products for foods and food-related industry
Foods
Many kinds of fermented foods have been developed to date. Most fermented foods are made from such terrestrial (agricultural and stockbreeding) materials as rice, soybean, barley, vegetables, and milk. Some products are produced from aquatic biomaterials, but no products have yet to be produced from aquatic plant materials (i.e. algae) (Fig. 1) . The development of the lactic acid fermentation methods described above opened the possibility of producing fermented foods from algae. Seaweed sauce is one possible product to be developed. A major difficulty in developing seaweed sauce having commercial value is the shortage of amino acid compounds contained in the supernatant of fermented products prepared from seaweed.
Typical Koikuchi soy sauce contains more than 12 g N/100 mL of amino acid compounds (including peptides and proteins). In contrast, the supernatant of fermented products prepared from seaweed, such as U. pinnatifida and Ulva sp. (an unpublished observation), only contains 1-3 g N/100 mL of amino acid compounds, which can be explained by the low protein content of seaweed. Fresh seaweed is rich in moisture (contain ca. 87% on average) 11, 29 . And on average, seaweeds contain ca. 15% of protein (on a dry basis), while soy bean contains less moisture and ca. 40% of protein on a dry basis 11 . However, Susabinori seaweed (Porphyla sp., Rhodophyta) contains an exceptionally high quantity of protein exceeding 50% 11 . Amino acid-rich supernatant containing 16.5 g N/100 mL is obtained from the fermented products of Susabinori seaweed (an unpublished observation).
Marine silage as fisheries diet
Marine silage (MS) is a new dietary item prepared by decomposing seaweed to a cellular unit 14, 15, 16 and per- Fig. 6 . Use of fermentation skills on plant materials for foods and diet production Fermentation is rarely or never used in the fisheries industry, and Uchida proposed a conceptual diet of marine silage. 22 forming lactic acid fermentation (Fig. 6 ) 24, 26 . A 10-L-scale preparation and the long-term preservation (18 months) of MS was demonstrated using U. pinnatifida as a substrate (Fig.4) 
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. The mass preparation of MS is very easy and the prepared MS was shown to be preservative for a long time (more than 18 months). In addition, two separate feeding trials were conducted to demonstrate the dietary value of MS for the Japanese pearl oyster (Pinctada fucata martensii) 20 . In the first trial, pearl oysters grew significantly when fed MS at a rate of 3 × 10 4 cells/mL per day. The shell growth and survival rates (69 ± 11 μm/day; mean ± SE and 100%, respectively, n = 30) of the pearl oysters were higher than those of the unfed control oysters (-26 ± 8 μm/day and 100%, n = 30), while oysters fed Chaetoceros calcitrans (known as one of the most preferable microalgal diets for bivalves and used as a positive control diet) grew 205 ± 12 μm/day (n = 29) and 96.7% survived. Proximate analysis of MS suggested a shortage of such nutritional elements as lipid content. The second rearing trial demonstrated remarkable shell growth when the pearl oysters were fed MS supplemented with a small quantity of C. calcitrans, as shown in Table 2 . The dietary effect of MS prepared from U. pinnatifida was also demonstrated on Rotifer (a common hatchery diet for fish rearing) 13 . However, MS prepared from Ulva sp. showed a negative effect on the growth of short necked clam (Ruditapes philippinarum, (an unpublished observation). Small particles of Ulva prepared without fermentation also showed a negative effect on short necked clam growth, suggesting that Ulva fronds contain growth inhibitory compounds, and not a compound artificially produced through fermentation treatment.
The diet supplemented with MS prepared from Ecklonia sp. (Phaeophyta) at 10% w/w was fed to red sea bream challenged by an iridovirus. The survival rate of the fish fed a diet containing MS was found to be higher than that of the control group (Fig. 7) 13 .
Diet for stockbreeding
Seaweeds have been utilized as a stockbreeding diet 10 . One reason to use seaweed is to supply breeding animals with such valuable minerals such as iodine 10 . Usually, seaweed is added to the diet in the form of grain or 
Fig. 7. Results of the feeding test for red sea bream
The fish were challenged by iridovirus and then fed a control diet, a diet containing Ecklonia sp. at 10% w/w, and a diet containing fermented Ecklonia sp. at 10% w/w.
powder, and no fermented product of seaweed has yet to be used. Fermented products prepared from Porphyla sp. and U. pinnatidida were supplemented in diets for both broiler and egg-laying chickens, and the dietary effects were examined. The addition of Porphyla sp. did not show any significant difference (an unpublished observation). In contrast, the addition of U. pinnatifida showed some significant effects, such as promoting growth, the moistureretention ability of meat, and lipid metabolizing activity. However, all of these preferable effects were not observed every time, and more repeated testing is needed. Although the usefulness of seaweed as a stockbreeding diet is well accepted, whether the treatment by fermentation on seaweed is superior remains open for future study.
Fertilizer
Many kinds of seaweed have been utilized as fertilizer, such as Enteromorpha spp., Ulva spp. (Chlorophyta), Gracilaria chilensis (Rhodophyta), Ascophylum nodosum, Ecklonia maxima, Laminaria shinzii, Durvillaea potatorum, and Sargassum spp. (Phaeophyta) 30 . Most algal fertilizer products are produced from seaweeds through a simple drying or extraction treatment 10 . Products called compost are produced by a kind of fermentation treatment. For example, compost was prepared from Ulva rigida collected in the Venice Lagoon after three weeks of fermentation 3 . Such treatment using fermentation is expected to promote the uptake of nutrients through the degradation of algal components, and prove useful in avoiding excess heat emission in soils and subsequent plant damage. We have conducted some preliminary studies on the fertilizing effects of seaweed products prepared by lactic acid fermentation. For example, the supernatant of fermented products prepared from Ulva sp. was given to a Japanese green tea farm. The farmer commented that the spines of the green tea leaves became sharper and more developed. However, this observation was not based on statistical analysis. Although the usefulness of seaweed as a fertilizer is well accepted, whether the treatment by fermentation on seaweed is superior remains open for future study.
Future prospects of algal fermentation
As for algal fermentation, the methane fermentation of seaweeds was initially studied during the 1970s and 1980s 1, 2, 6 , for the purpose of energy supply 9, 27 . Later studies on the lactic acid fermentation of seaweeds began in 1998, with a scope of developing foods and food production-related items 17, 18, 19 . The development of halophilic starter cultures of lactic acid bacteria is left for future study. Technology for the ethanol fermentation of seaweeds began development in the 2000s 9, 27 . Yeast and marine bacterium are used for ethanol fermentation 4, 7, 8, 12 . Development of the ethanol fermentation of seaweeds will thus raise expectations for the acetic fermentation of seaweeds, because acetic acid is easily produced from ethanol by acetic acid bacteria 4 . Many kinds of fermentation require the saccharification process as a primary step. Seaweeds contain unique polysaccharides such as alginate and galactan, which are not contained in terrestrial plants 9, 29 . Therefore, the development of enzyme products used for saccharification is important for the further development of algal fermentation technology. Development of the koji fermentation system (i.e. culture mold utilizing the mold's enzymes for saccharification) and the parallel double-fermentation system (for conducting fermentation in parallel with the saccharification process) could prove to be key technologies for the further development of algal fermentation technology 4, 23 . Fermentation technology for microalgae also remains open for future study. Microalgae are richer in proteins and lipids than seaweeds 11 , and have a high potential for obtaining economically valuable products in terms of foods, diets, fertilizers, bio-plastics, and the energy industry.
Conclusion
Fermentation can be conducted without supplying electric power and therefore can be considered an ecofriendly processing system. In particular, many Asian countries have traditional food cultures based on fermentation using agricultural and aquatic (fish) products 4 . We believe that there is a significant possibility of an algal fermentation industry being expanded in the future 28 .
